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INVESTIGATION OF AZIMUTHAL, 1NHOMOGE"Y OF 
F'LASIA I N  A HOMOPOLAR 

/9?9+$ 

E .M .Drobyshevskiy, S.1 .Rozov, and A.M .Studenko& 

ABSTRACT. The inhomogeneity of a plasma i n  azimuthal d i r ec t ion  
was  invest igated i n  a homopolar machine placed i n  a solenoid, 
using probes, photomultipliers, and osci l lographs f o r  determin- 
ing t h e  cause of blocking of t h e  f r e e  flow o f  azimuthal current.  
The formation of current canals w a s  found responsible  for t h e  
generation of fo rces  and discharges, r e s u l t i n g  i n  a Hall elec- 
t r i c  f i e l d  which decreases i n  azimuthal d i r ec t ion  and produced 
breakdown and formation of new cathode spots.  It i s  concluded 
t h a t  t h e  ve loc i ty  of t h e  plasma 
t h e  r a t e  of displacement of t h e  cathode spot at t h e  electrode. 

canal i s  l imi ted  mainly by 

1. A homopolar machine i s  a system for t h e  s t a t iona ry  acce lera t ion  o f  
plasma i n  crossed f i e l d s ,  which has no design l i m i t s  as t o  t h e  f l o w  of t h e  Hall 
current  i n  azimuthal d i rec t ion .  For t he  parameters of t h e  discharge under con- 
s ide ra t ion  i n  t h e  system ( H  = 200 - 2500 oe; I = 2 - 4 amp; p = 0.1 - 1.0 mm Hg), 
t h e  dens i ty  of t h e  Hall current j, should exceed t h e  dens i ty  of t h e  d i r e c t  

, where w,~, 9 1. we 7, radial current  j, by a f ac to r  of  
1 + W ~ l - ~ W , T ,  

However, measurements of t h e  Hall current  (Ref.1) based on t h e  change i n  
t h e  magnetic f i e l d  when t h e  system i s  switched on and o f f ,  described elsewhere 

(Ref .1 ,  2), show t h a t  t h e  value of x = - i s  approximately 2. j, 
Jr 

It i s  reasonable t o  assume t h a t  ce r t a in  causes e x i s t  t h a t  prevent t h e  free 
flow of t h e  azimuthal current.  
current  i n  t h i s  system i s  not uniformly d i s t r ibu ted  i n  azimuth of t h e  homopolar 
machine, but i s  concentrated i n  individual  current 
t h e  "spokes of a wheel" (Ref.3). 

A number of  authors (Ref.3 - 5) s t a t e  t h a t  t h e  

canals t h a t  r o t a t e  l i k e  

2. The exis tence of current canals i n  our  case was establ ished by osc i l lo -  
graphic  study of s igna ls  from probes introduced i n t o  t h e  i n t e r i o r  of  t h e  homo- 
polar  machine (Fig.l), from photomultipliers (PM) onto whose cathode t h e  image 
of i nd iv idua l  regions of t h e  system was projected (Fig.l) ,  and from motion 
p i c t u r e s  of t h e  discharge along t h e  ax is  of a homopolar machine placed i n  a 
solenoid (Fig. 2). 

A.F . Io f f e  I n s t i t u t e  of Technical Physics, USSR Academy of Sciences, Leningrad. 

36 Numbers i n  t h e  margin ind ica t e  pagination i n  t h e  foreign text. 
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Fig.1 Oscillograms of Voltage across  Electrodes of Homopolar 
Machine and Signals from Probe and Photomultiplier. 

Inner electrode - cathode; argon; I = 4.0 amp; 
p = 1.0 mmHg; H = 500 oe. 

We found t h a t  under these  conditions t h e r e  e x i s t s  one current canal moving 
wi th  a v e l o c i t y  depending on t h e  type and densi ty  of t h e  gas and t h e  s t rength 
of t h e  magnetic f i e l d  (Fig.3); t h e  current s t rength has only a s l i g h t  e f f e c t  on 
t h e  motion of t h e  current canal. 

3. The development of t h e  current canal may b e  represented as follows: A t  
t h e  i n s t a n t  of breakdown across t h e  gas gap, a current canal ending i n  t h e  
cathode spot i s  formed. 
v ide  t h e  necessary current strength,  while t h e  formation of a new spot requi res  
t h e  appl ica t ion  of a c e r t a i n  addi t ional  p o t e n t i a l  d i f fe rence  over and above t h a t  
necessary t o  s u s t a i n  t h e  ex is t ing  spot, t h e  s ize  of t h e  current canal d i r e c t l y  
a t  t h e  cathode i s  determined by t h e  s ize  of t h e  cathode spot. 

Since one cathode spot i s  e n t i r e l y  suf f ic ien t  t o  pro- 

The t ransverse 
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dimensions of t h e  current canal, some dis tance 
from the  cathode, a r e  determined by t h e  d i f fu-  
s ion of current c a r r i e r s .  

a C I  
cd a, along a canal i n t e r a c t s  with t h e  axial magnetic 

When t h e  r a d i a l  e l e c t r i c  current flowing 

I f i e l d ,  a force j, = j ,H,  i s  generated /980 
and discharges occur, r e s u l t i n g  i n  t h e  forma- 
t i o n  o f  an azimuthal H a l l  e l e c t r i c  f i e l d .  This 
f i e l d  tends t o  equalize t h e  v e l o c i t i e s  of azi-  
muthal motion of e lec t rons  and ions. However, 
s ince t h e  ex is t ing  plasma configuration i s  
three-dimensional and t h e  electrode surface i s  
equipotential ,  t h e  magnitude of t h e  Hall f i e l d  
decl ines  i n  azimuthal direct ion,  owing t o  t h e  
appearance of a Hall current p a r t i a l l y  closed 
across t h e  electrodes and with a density,  i n  
our case, comparable t o  t h e  dens i ty  of t h e  main 
current. A s  a r e s u l t ,  t h e  vector of t o t a l  
current i s  incl ined r e l a t i v e  t o  t h e  radius  of 
t h e  system; t h e  current canal w i l l  l ikewise 
have t h e  corresponding inc l ina t ion ,  with i t s  
anode end leading i n  t h e  d i r e c t i o n  of motion 
of the  plasma. 
canal may a l so  be affected by t h e  l a g  of t h e  
cathode spot i n  i t s  motion ahead of t h e  canal. 

The i n c l i n a t i o n  of t h e  plasma 

These fac tors ,  i n  connection with t h e  
p o s s i b i l i t y  of more complete c i r c u i t  closure 
for  the  Hall current across  t h e  plasma i n  az i -  
muthal d i r e c t i o n  at pos i t ive  p o l a r i t y  ( t h e  
anode region of t h e  canal i s  more developed 
than t h e  cathode region so t h a t  an overlap- 
ping of t h e  leading and t r a i l i n g  edges of t h e  
canal i s  more probable a t  t h e  inner  e lectrode 
which i s  t h e  anode), may b e  explained by t h e  
observed d i f f e r e n t  magnitude of t h e  Hall current 
f o r  d i f fe ren t  p o l a r i t i e s .  

/9sl 

The existence of a r o t a t i n g  current canal 
should not i n  i t se l f  cause voltage f luc tua t ions  across t h e  electrodes of t h e  
homopolar machine. For s m a l l  magnetic f i e l d s ,  i n  s p i t e  of t h e  displacement of 
t h e  plasma canal v i s i b l e  t o  t h e  naked eye, voltage f luc tua t ions  i n  t h e  exbernal 
c i r c u i t  are a c t u a l l y  absent. 
such f l u c t u a t i o n s  do appear. 
probe o r  photomultiplier, which are caused by t h e  passage of t h e  current canal 
across  t h e  point of observation, t h e  f luctuat ions i n  t h e  ex terna l  c i r c u i t  a r e  
l e s s  ordered, have a re laxa t ion  form, and a frequency about an order higher than 
t h e  frequency of r o t a t i o n  of t h e  canal. 
values  a t  which t h e  cathode spots  a r e  absent, these  f luc tua t ions  disappear. 

A t  a cer ta in  value of t h e  f i e l d  ( H  2 500 - 1000 oe), 
I n  contrast  t o  t h e  f luc tua t ions  taken off  t h e  

When t h e  current s t rength decreases t o  
It 
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can b e  assumed t h a t ,  a t  s m a l l  magnetic f i e l d s ,  t h e  veloci ty  of r o t a t i o n  of t h e  
current canal i s  r a t h e r  small, and t h e  spot i s  able  t o  follow t h e  canal. When' 
t h i s  r o t a t i o n a l  ve loc i ty  i s  higher, t h e  cathode spot will l a g  behind t h e  canal, 
it w i l l  b e  drawn out, t h e  voltage across t h e  electrodes w i l l  rise, and break- 
down w i l l  occur, with t h e  formation of a new cathode spot on t h e  electrode 
surface; t h e  plasma canal i n  t h i s  case remains as before. I n  some cases, how- 
ever, it i s  not excluded t h a t  a new plasma canal may be formed. 

~ 

H, oa 

Fig.3 

Heavy curves - theore t ica l ;  1 - air, p = 1.0 mm Hg; 

Relation between Velocity of Plasma and Strength 
of t h e  Magnetic Field. 

e lectrode cathode; I = 4.0 amp k . 2, 3, 4 - argon, p = 1.0, 0.5, 0.25 mm H ( inner  

4. A plasma theory of t h e  current canal must primarily include a considera- 
t i o n  of t h e  s p a t i a l  current d i s t r ibu t ion ,  including current flow i n t o  t h e  elec- 
t rode,  which i s  a complex problem even i f  t h e  d i s t r i b u t i o n  o f  conductivity i s  
known. Following Eninger (Ref.6), we may consider a simplified model of t h e  
motion o f  a plane plasma front  through a n e u t r a l  gas i n  crossed e l e c t r i c  and 
magnetic f i e l d s .  
smaller than  t h e  concentration of s ta t ionary  neut ra l  molecules. The constant 
e l e c t r i c  f i e l d  E,, and t h e  constant magnetic f i e l d  H = H, are considered as given. 
The problem i s  t o  f ind  t h e  t r a n s l a t i o n a l  ve loc i ty  of t h e  plasma, equal t o  t h e  
v e l o c i t y  of t h e  ions, i n  t h e  d i rec t ion  of t h e  x axis. 

The concentration of charge c a r r i e r s  i s  assumed t o  be far 

Neglecting t h e  i n e r t i a  terms and t h e  influence of t h e  pressure gradients,  
we have four  equations of motion of the  e lec t ron  and i o n  components i n  homo- 
geneous crossed f i e l d s :  

4 



The necessary f i f t h  equation i s  obtained by taking t h e  experimental r a t i o  
of t h e  dens i ty  of t h e  Hall current t o  t h e  densi ty  of t h e  forward current: 

The value of x may vary from zero i n  t h e  case of no Hall current (Ref.6) 

f o r  a completely homogeneous plasma at independent 

I n  our case, x = 1 - 2.5 (Ref.1). 

Solving t h e  equations for vix we obtain ( tak ing  i n t o  account t h a t  W,T, 9 

we 7, 
t o  Xmax = - 1 + w i 7 i w e 7 ,  

motion of t h e  ion  and electron components. 

9 w i  T i  1 

5 .  For our discharge parameters ( u ) , ~ ,  9 1 9 Mi.,) and values of x we have 

The values predicted by t h i s  formula a r e  compared i n  Fig.3 with t h e  experi- 
mentally determined veloci ty  of t h e  current canal, f o r  t h e  mean rad ius  of t h e  
system (R, = 3.4 cm, R z  = 9.8 cm, R,, = 6.6 cm). 
we used d a t a  on t h e  i o n i c  mobili ty i n  an e l e c t r i c  f i e l d  (Ref."); t h e  tempera- 
ture of t h e  n e u t r a l  gas was  taken as 700'K (Ref.2); t h e  s t rength of t h e  elec- 
t r i c  f i e l d  was measured by t h e  a id  of a double probe with a s t a t i c  voltmeter 
(Ref .8). 

To ca lcu la te  t h e  value of T i ,  

/983 

The agreement of t h e  experimental d a t a  with t h e  t h e o r e t i c a l  values can be 
considered s a t i s f a c t o r y  only f o r  argon; f o r  air ,  t h e  theory gives a considerably 
higher veloci ty .  
approach t h e  t h e o r e t i c a l .  

Only a t  high magnetic f i e l d  s t rength do t h e  experimental values 

Experiments l ikewise show t h a t  the current canal ve loc i ty  depends l e s s  on 
t h e  gas dens i ty  than might have been expected. 

It may therefore  be assumed t h a t ,  under t h e  conditions considered, t h e  ve- 
l o c i t y  of t h e  plasma canal i s  l imited mainly by t h e  r a t e  of displacement of t h e  
cathode spot on t h e  electrode. The res i s tance  of t h e  n e u t r a l  gas t o  t h e  motion 
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of t h e  plasma becomes decis ive only at H 2 1000 oe. 
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